Background
==========

As one of the ubiquitously polluted heavy metals in ecosystem and modern industry, lead (Pb) may enter human body via many routes including airway, water and fo od \[[@B1],[@B2]\]. Pb exposure many cause chronic central and peripheral nerve damages in humans at all ages, with more concerns for the pediatric population. Neurological consequences of Pb poison in children are reported to include reduction in IQ and learning/memory capability, hearing and language impairments and certain neuropsychological abnormalities \[[@B3]-[@B11]\]. The cellular mechanism underlying Pb overexposure-induced neurotoxicity in the central nervous system is complex. Of interest, recent studies have shown that chronic low level Pb exposure may inhibit neurogenesis in the hippocampal formation and affect the differentiation/maturation of the newly-generated granule cells, which may be relevant to behavioral and cognitive impairments associated with Pb poisoning \[[@B12]-[@B14]\].

We and others have identified a novel group of immature neurons located around layer II of the adult cerebral cortex in relatively large mammals including guinea pigs, cats, rabbits, nonhuman primates and humans; these cells express doublecortin (DCX+) and other typical immature neuronal markers \[[@B15]-[@B24]\]. These cortical immature neurons are more numerous in young relative to more mature animals and appear to be involved in neuronal structural plasticity \[[@B17]-[@B19],[@B25]\]. More recently, these immature neurons are documented in brains of human infants and children \[[@B21],[@B25],[@B26]\]. The present study attempted to determine whether these immature cortical neurons were vulnerable to chronic Pb exposure using young adult guinea pigs as an experimental model. Data were also compared to DCX + neurons in the subventricular zone (SVZ) and subgranular zone (SGZ) that relate to adult neurogenesis \[[@B24]\]. Efforts were also taken to explore if changes in cortical DCX expression overtly relate to local neurogenesis and neuronal death.

Results
=======

Elevation of blood Pb levels following chronic lead exposure
------------------------------------------------------------

Blood Pb levels were increased to 10.27 ± 0.62 μg/dL in the 2 month Pb exposure group, to 16.25 ± 0.78 μg/dL in the 4 month surviving group, and to 19.03 ± 0.86 μg/dL in the 6 month surviving group. Among the age-matched control groups, blood Pb levels were 2.65 ± 0.21 μg/dL, 3.01 ± 0.25 μg/dL, 3.13 ± 0.31 μg/dL, respectively. Statistically, blood Pb levels elevated in the animal groups treated with lead acetate in a time-dependent manner at the 3 time points relative to age-matched control groups, with posthoc tests indicating no differences among the control groups (Figure [1](#F1){ref-type="fig"}).

![**Elevation of blood Pb levels in adult guinea pigs subjected to Pb exposure for 2, 4 and 6 months.** Each bar represents the mean ± SEM. \*\*\*: *p*\<0.01 among different Pb exposure time groups, F = 103.352, one-way ANOVA. \*: *p*\<0.05 between Pb exposure group *vs* same age-matched control group (post hoc tests).](1471-2202-13-82-1){#F1}

Decline in DCX + cells in cortical layer II following chronic lead exposure
---------------------------------------------------------------------------

DCX + cells were found in multiple cortical areas of the guinea pigs, including Pb exposure and age-matched control groups, as with previous reports \[[@B17],[@B20]\]. Thus, distinctly labeled DCX + cells with varying sizes and morphology formed a cellular band deep to layer I over the frontal, parietal, temporal and occipital cortical areas. By visual comparison DCX + cells in Pb exposure groups appeared to be reduced over all cortical areas in animals survived 4 and 6 months, but not in those survived for 2 months, relative to age-matched control groups (Figures [2](#F2){ref-type="fig"}[3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}).

![**Doublecortin-immunoreactive (DCX+) cells in different cortical areas from Pb exposure and age-matched control groups surviving 2 months.** Left panel images show parietal (**A**), temporal (**C**) and frontal (**E**) cortices from a control animal. Right panel images (**B**, **D**, **F**) show images from comparable regions in a Pb-treated animal. Inserts show closer view of the labeled cells, with arrows pointing to medium to large sized, and small sized cells. Overall, the amount and morphology of DCX + cells appear to be comparable between the two groups. Scale bar in panel A = 200 μm applying to main panels, equivalent to 100 μm for enlarged inserts.](1471-2202-13-82-2){#F2}

![**Doublecortin-immunoreactive (DCX+) cells in representative cortical areas from a Pb-treated (right panels) and an age-matched control (left panels) guinea pigs surviving 4 months.** The amount of DCX + cells are noticeably reduced in the parietal (**A**, **B**), temporal (**C**, **D**) and frontal (**E**, **F**) cortices in the Pb treated animal relative to control. Inserts are enlarged to illustrate DCX + cells with varying sizes and morphologies. Scale bar in (**A**) = 200 μm applying to main image panels, equivalent to 100 μm for inserts.](1471-2202-13-82-3){#F3}

![**Doublecortin-immunoreactive (DCX+) cells in different cortical areas from Pb exposure (right panels) and age-matched control (left panels) groups surviving 6 months.** A dramatic loss of DCX + cells occur in the Pb-treated relative to control animals over that parietal (**A**, **B**), temporal (**C**, **D**) and frontal (**E**, **F**) cortex. Scale bar in panel **A** = 200 μm applying to main panels, equivalent to 100 μm for enlarged inserts.](1471-2202-13-82-4){#F4}

The densities of DCX immunoreactive cells were quantified in the frontal, parietal, temporal and occipital areas. Cell counting in the frontal cortex was performed on 3 equally-spaced (720 μm apart) coronal sections passing the striatum, with the first one at the level of the first appearance of the anterior horn. Cell counting in the parietal and temporal cortices were conducted in 3 equally-spaced (also 720 μm apart) coronal sections around the "temporal pole" or the widest portion of the cerebrum, using the piriform fissure and lateral sulcus as landmarks for dividing the temporal and parietal areas \[[@B17]\]. Cell counting in the occipital cortex was carried out in 3 equally-spaced (720 μm apart) coronal sections passing the superior colliculus. Compared to age-matched control groups, the density of the entire DCX + cell population around layer II was significantly declined in the lead-treated groups surviving 4 and 6 months surviving groups over the parietal (Figure [5](#F5){ref-type="fig"}A), temporal (Figure [5](#F5){ref-type="fig"}B), frontal (Figure [5](#F5){ref-type="fig"}C) and occipital (Figure [5](#F5){ref-type="fig"}D) cortices. However, no significant reductions were detected in these areas at 2 months following Pb dosing relative to control (Figure [5](#F5){ref-type="fig"}A-D). The densitometric analyses on DCX + cells based on somal sizes indicated that the smaller (\<10 μm in longer somal diameter) DCX + cells were decreased more significantly relative to larger ones (\>10 μm in longer somal diameter) in all of the 4 analyzed areas (Figure [6](#F6){ref-type="fig"}).

![**Densitometric data showing a time-related decline of doublecortin-immunoreactive (DCX+) cells, expressed as number of cells per 1 mm pial distance, in different cortical areas from Pb exposure relative to age-matched control group guinea pigs.A**: parietal cortex; **B**: temporal cortex; **C**: frontal cortex; **D**: occipital cortex. Each bar represents the mean ± SEM. \#: *p*\<0.05 for Pb exposure *vs* age-matched control groups; \*: *p*\<0.05 among different Pb exposure time groups, F^a^ = 99.269, F^b^ = 100.500, F^c^ = 219.743, F^d^ = 105.450.](1471-2202-13-82-5){#F5}

![**Line graphs showing the extent of reduction (% of control levels) of smaller (blue) relative to larger (purple) doublecortin-immunoreactive (DCX+) cells in Pb-treated guinea pigs over the parietal (A), temporal (B), frontal (C) and occipital (D) cortices surviving 2, 4 and 6 months.** Statistic differences exist between of the two cell groups at 4 and 6 months surviving points in all analyzed areas. \#: *p*\<0.05; \*: *p*\<0.01.](1471-2202-13-82-6){#F6}

Decline in DCX + cells in the SVZ and SGZ following chronic lead exposure
-------------------------------------------------------------------------

Consistent with previous reports regarding lead-induced decrease in adult neurogenesis in small laboratory rodents \[[@B12]-[@B14]\], the present study also noted a significant decline of DCX + neurons in the subventricular zone (SVZ) and subgranular zone (SGZ) in animals subjected to chronic lead exposure relative to controls (Figure [7](#F7){ref-type="fig"}A-F). Thus, there was a dramatic loss of DCX + cells around the SVZ in the Pb-treated animals surviving 2, 4 and 6 months relative to controls. The same situation existed in the dentate gyrus wherein DCX + cells at the SGZ were apparently reduced in the Pb-treated relative to control guinea pigs (Figure [7](#F7){ref-type="fig"}G-L). Because DCX + cells were densely packed in the SVZ and SGZ, an analysis was carried by simply using the optic density of labeling along the SVZ and SGZ. The intensity of DCX immunoreactivity was reduced up to 50% (2 months) to 80% (4 and 6 months) in these two areas in the Pb-treated relative to controls (with *P* \< 0.01 between the experimental and control groups at all time points) (quantification not shown).

![**Representative data showing doublecortin-immunoreactive (DCX+) cells in the subventricular zone (SVZ) (A-F) and subgranular zone (SGZ) (G-L) in age-matched control (A-C; G-I) compared to Pb-treated (D-F; J-L) animals surviving 4 months.** Framed areas in left panel images are sequentially enlarged as middle and right panel images. Scale bar in (A) = 200 μm applying to left panels; equal to 200 μm for middle panels and 50 μm for right panels.](1471-2202-13-82-7){#F7}

Lack of colocalization of BrdU in cortical DCX + neurons
--------------------------------------------------------

Recently studies have shown that the DCX + immature neurons around layer II could only occasionally be identified to colocalize with BrdU after pulse-chase administration of this DNA synthesis marker \[[@B27]-[@B32]\]. In the present study, double immunofluorescence was performed 2 and 4 months after BrdU injection. No clear BrdU colocalization with DCX or NeuN (data not shown) was found in either the Pb-treated guinea pigs or control animals in the 4 and 6 months surviving groups (Figure [8](#F8){ref-type="fig"}A-C). At both time points, singly labeled BrdU-containing cells were present in the superficial cortex, mostly over layers I and II (Figure [8](#F8){ref-type="fig"}A-C).

![**Representative data showing that doublecortin-immunoreactive (DCX+) cells around neocortical layer II in Pb-treated animals surviving 6 months do not colocalize with BrdU (A-C), active caspase-3 (D-G) or Fluoro-Jade C labeling (H-J).** Markers and fluorescent channels are indicated on the left of each panel. Note that BrdU labeled cells (arrows) are present in layer I and upper III (**A**, **C**). Nuclei labeled for active caspase-3 are occasionally seen in layer I (**D**, **F**, and **G**). Fluoro-Jade C labeled cells are rarely detected in the cortex (**H**-**J**) or normal rat retina (**N**-**P**). In contrast, they are found in the rat retina 24 h after intraocular hypotension (**K**-**M**). PL: photoreceptor layer; ONL: outer nuclear layer; EPL: external plexiform layer; INL: inner nuclear layer; IPL: inner plexiform layer; GCL: ganglion cell layer. Scale bar = 100 μm in A applying to **D**, **H**, **I**, **K**, **L**, **N** and **O**; equal to 50 μm for **B**, **C**, **E**-**G**, **J**, **M** and **P**.](1471-2202-13-82-8){#F8}

Lack of active caspase-3 and fluoro-jade C labeling in cortical DCX + neurons
-----------------------------------------------------------------------------

Active caspase-3 and Fluoro-Jade C labelings are used to detect apoptosis and cell injury or death under various conditions \[[@B33],[@B34]\]. To explore if the reduction of DCX + cells in Pb-treated animals was overtly associated with cell death, we examined the expression of active caspase-3 in the cortex by single or double labeling. Nuclear profiles were occasionally labeled in the cortex from Pb-treated or control brains using an antibody that detect in situ caspase-3 activation \[[@B35]\]. Double immunofluorescence failed to find clear colocalization of active caspase-3 in any DCX + cells around layer II (Figure [8](#F8){ref-type="fig"}D-G). In Fluoro-Jade C stain, labeled cells were occasionally encountered in the cortex in Pb-treated guinea pigs. No clear colocalization of Fluoro-Jade C and DCX was detected (Figure [8](#F8){ref-type="fig"}H-J). As a positive assay control, Fluoro-Jade C labeled cells were found in the rat retina 24 h following induction of acute intraocular hypotension \[[@B36]\], whereas no labeling existed in normal rat retina (Figure [8](#F8){ref-type="fig"}K-P).

Discussion
==========

For centuries Pb poisoning remains an environmental risk for human health in all societies \[[@B1],[@B2],[@B37],[@B38]\], and its deleterious impact on central nervous system of children is well documented but of particular medical concern \[[@B3]-[@B11]\]. Children are more vulnerable to Pb exposure than adults for many potential reasons, including their exposure to Pb is favored by the habit of eating/chewing non-nutritive materials (pica habits); a child's intestine absorbs Pb much faster than that of an adult. Another reason is that their blood--brain barrier (BBB) is not completely mature \[[@B3],[@B6],[@B37]-[@B39]\]. Blood Pb levels at or over 10-20 μg/dL in children are generally considered to cause debilitating effects on brain structure and function, manifested by neurobehavioral, learning and cognitive abnormalities \[[@B37]-[@B39]\]. However, recent studies have shown intellectual impairment in children with blood Pb levels below 10 μg/dL \[[@B40],[@B41]\]. For adults, high Pb levels may penetrate into the brain by accumulating on the mature BBB and/or altering its functional competence \[[@B42]\]. In the present study, blood Pb concentrations in the experimental guinea pigs have reached over 10 μg/dL, therefore, are above the threshold levels that would cause neurotoxicity in rats and humans\[[@B12]-[@B14],[@B39]-[@B41]\].

Overall, the mechanism(s) underscoring Pb-induced neurotoxicity in immature and adult brains appear to be complex, and may involve many aspects including oxidative stress, apoptosis, calcium homeostasis disruption and deregulation of cell signaling \[[@B42]-[@B49]\]. As one of the potential mechanistic concerns of Pb-induced neurotoxicity in the developing brain, several research groups have reported that chronic low level Pb exposure inhibit adult neurogenesis in the small laboratory rodents \[[@B12]-[@B14]\], which may contribute to behavioral and cognitive impairments. Consistent with these reports, we have observed a dramatic loss of DCX + neurons in both the SVZ and SGZ in young adult guinea pigs.

In general, the hippocampal formation is functionally related to behavioral and cognitive activities such as memory and learning. However, the neocortex plays an increasingly critical role in cognition in mammals during evolution in parallel with cortical expansion and the development of complicated network systems \[[@B18]-[@B23]\]. Several research groups (including us) have independently described the presence of DCX + cells around cortical layer II in different adult mammalian species including guinea pigs, cats, non-human primates and humans \[[@B15]-[@B26]\]. While the origin, fate and developmental trajectory of these cells remain to be further characterized \[[@B27]-[@B32],[@B50]\], these cells can be activated by novel environmental exploration \[[@B31]\], which suggests that they might be involved in cortical network activity under physiological conditions. Our present results show that DCX + cells in different cortical areas in young adult guinea pigs decrease after treatment with 0.2% lead acetate for 4 and 6 months. Thus, chronic Pb exposure can result in remarkable loss of immature neurons in broad neocortical areas. Further, our present analysis also shows that loss of smaller sized DCX + cells appears more significantly relative to larger sized ones. DCX + cells with a larger somal size and more developed neuronal processes often co-localize with the neuron-specific nuclear protein (NeuN), a mature neuronal marker \[[@B17],[@B18],[@B24],[@B30],[@B32],[@B50]\]. Thus, it appears that the smaller DCX + cells with a less mature phenotype may be more sensitive to Pb exposure. Because these small-sized neurons are more common than the large-sized ones in young mammals, Pb pollution could significantly impact cerebral neuronal development in children.

Hypothetically, reduction of DCX + cortical immature neurons in Pb-treated animals could be resulted from loss of cells or decline in DCX expression. The former condition could be a consequence of reduced cell genesis and/or increased cell death. It is currently controversial as to whether layer II DCX + immature are or can be generated in postnatal life due to inconsistent BrdU birth-dating data \[[@B27]-[@B32],[@B50]\]. In this study we could not find a clear colocalization of BrdU in cortical DCX + neurons at 2 and 4 months after BrdU injection. The lack of active caspase-3 and Fluoro-Jade-C colocalization indicates that DCX + cortical cells in Pb-treated guinea pigs are not overtly associated with apoptotic death, nor do they appear apparently injured.

Conclusions
===========

This study demonstrates that Pb exposure induces a decline of DCX-expressing immature neurons in the neocortex as well as in the established neurogenic sites in adult guinea pigs, with a greater effect seen in the relatively small-sized subpopulation of the cells in the cortex. The findings from this study point to a potential new cellular substrate in mammalian cerebrum that would be expected to be vulnerable to chronic Pb exposure and toxicity in the pediatric population.

Methods
=======

Animals
-------

Thirty-six 2-month-old male guinea pigs weighing 300-350 g were used in the present study. All animals were housed in acrylic box cages and freely accessible to rodent chow and water. Animals were maintained under conditions of constant temperature (25 °C), humidity (50 ± 10%) and lighting cycle (12:12 h). Rat retinal sections from another study involving experimental glaucoma were used for assay control. All experimental procedures used in the present study were approved by the Animal Ethics Committee of Xiangya School of Medicine, Central South University, in accordance with the experimental animal use and welfare requirements set by the Ministry of Health of China as well as the NIH guidelines for use and care of laboratory animals.

Chronic lead exposure and BrdU injection
----------------------------------------

Eighteen animals were used as Pb exposure groups, and they received 0.2% lead acetate in drinking water for 2, 4 and 6 months, respectively (n = 6/time point). The remaining 18 age-matched control animals received the same type of drinking water without the addition of Pb. In each group, half of the animals were used for morphological study, with the rest used for blood Pb level measurements. BrdU pulse-chasing study was applied to the 4 and 6 months surviving group. Thus, two BrdU injections (50 mg/kg, i.p., 8 h apart, B5002, Sigma-Aldrich, MO, USA) were given after 2 months dosing of Pb or vehicle.

Measurement of blood Pb concentration
-------------------------------------

After surviving for 2, 4 and 6 months, animals were anesthetized with chloral hydrate (4 mg/kg, i.p.), and 100 μL of blood were collected from the left ventricle of the heart immediately following thoraxitomy. For each analysis, blood Pb concentration was measured by BH2100 graphite furnace atomic absorption spectrophotometry (Bohui, Beijing, China) spectrophotometer in the clinical laboratory of the Third Xiangya Hospital of Central South University \[[@B51]\]. The final concentration of blood Pb was expressed as μg/dL.

Immunohistochemistry
--------------------

Animals were anesthetized with chloral hydrate (4 mg/kg, i.p.) and then perfused with saline followed by 4% paraformaldehyde in 0.01 M phosphate-buffered saline (PBS) at 4 °C. Brains were dissected and post-fixed by immersion in the same fixative at 4 °C for 24 h, and were passed in gradual concentrations of sucrose (10%, 20% and 30%) until they sunk. The brains were cut coronally in a cryostat at 30 μm and 10 μm, with sections collected alternatively in two 12-well culture plates. For immunohistochemistry using the avidin-biotin complex method, a set of sections were treated with 1% H~2~O~2~ in 0.01 M PBS for 30 min, and pre-incubated in 5% normal horse serum (Sigma-Aldrich, MO, USA) in PBS with 0.3% Triton X-100 for 1 h at room temperature, followed by incubation with the goat anti-DCX antibody (polyclone, sc-8066, Santa-Cruz, CA, USA, 1:1000) overnight at 4 °C \[[@B15]\]. Sections were further reacted with a biotinylated pan-specific secondary antibody (horse anti-mouse, rabbit and goat IgG, Vector, CA, USA, 1:400) for 2 h., and subsequently with avidin-biotin complex reagents (Vector, CA, USA, 1:400) for 1 h. Immunoreaction product was visualized using 0.003% hydrogen peroxide and 0.05% diaminobenzidine. Three 10-min washes with PBS were used between incubations. Sections were mounted on microslides, allowed to air-dry, and coverslippered. The specificity of this DCX antibody was evaluated previously by multiple groups of investigators \[[@B15]\].

For double immunofluorescence, sections (10 μm, thaw-mounted onto slides) were blocked with 5% donkey serum (Sigma-Aldrich, MO, USA) for 30 min, and then reacted with goat anti-DCX and one of the following antibodies: rat anti-BrdU (monoclonal, MCA2060, Serotec, CA, USA, 1:2000), mouse anti-NeuN (MAB377, Millipore, MA, USA, 1:1000) and rabbit anti caspase-3 (ab3235, Abcam, MA, USA, 1:1000). Sections subjected to BrdU immunolabeling were treated in 1 X SSC and 50% formamide for 1 h at 65 °C, then in 2 N HCl for 30 min at 37 °C prior to primary antibody incubation. Immunoreaction products were visualized using Alexa Fluor 488 and 594 conjugated secondary antibodies generated in donkey (Jackson ImmunoResearch, PA, USA, 1:200). Fluoro-Jade C stain was carried out according to manufacturer's instruction (AG325, Millipore, MA, USA). In brief, the sections were air dried at room temperature overnight after DCX reaction of immunofluorescence consummated, rehydrated for 2 min in distilled water and then transferred to the 0.06% potassium permanganate solution for 10 min. The slides were then rinsed for 2 min in distilled water, transferred to the Fluoro-Jade C working solution for 10 min and then rinsed, air dehydrated, xylene cleared and coverslipped with DPX. All sections were counterstained with DAPI (C1002, Beyotime, Beijing, China, 1:10000), washed and counterstained with DAPI before microscopic examination.

Imaging and densitometry
------------------------

Immunostained sections were examined and imaged on microscope (BX40, Olympus, Tokyo, Japan) using 4×, 10× and/or 40× objective lens. Four cortical areas were arranged for systematic imaging and densitometry, including the frontal cortex, parietal cortex, temporal cortex and occipital cortex. The methodology for cell counting with a Motic pathology picture HD analysis (Motic, Xiamen, China) was described previously \[[@B17]\]. In brief, DCX + cells around layer II were counted in montaged 10× images taken along the cortical surface, and cell density was calculated based on the number of labeled cells underneath unit length of the pial surface (i.e., \# of cells/1 mm × 30 μm). During cell counting, DCX + cells with a longer somal diameter \<10 μm (ranged from 5-10 μm) were marked with a cross sign "×", whereas those \>10 μm (ranged from 10-20 μm) marked with a small ruler bar (-) of 10 μm in length. The number of the cells was then recorded and relative density calculated after obtaining the corresponding pial length of the measured cortical area.

Data analysis
-------------

Data were analyzed using SPSS 10.0 (SPSS, IL, USA). Means of blood Pb levels and DCX + cell densities were calculated for individual and groups of animals. Statistical comparisons were conducted using one-way ANOVA or Student's *t*-test, with *P* ≤ 0.05 being considered statistically significance.
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